Transition metal dichalcogenide, especially MoS2 has attracted lot of attention recently owing to its tunable visible range band gap and anisotropic electronic and transport properties. Here, we report a comprehensive inelastic light scattering measurements on CVD grown (horizontally and vertically aligned flakes) as well as single crystal flakes of MoS2, probing the anisotropic optical response via studying the polarization dependence intensity of the Raman active phonon modes as a function of different incident photon energy and flake thickness. Our polarization dependent Raman studies intriguingly revealed strong anisotropic behavior reflected in the anomalous renormalization of the modes intensity as a function of flake thickness, phonons and photon energy. Our observations reflects the strong anisotropic light-matter interaction in this high crystalline symmetric layered MoS2 system especially for the in-plane vibrations, which is crucial for understanding as well application of these materials for future application such as optoelectronic applications. #
Introduction
The journey of two dimensional (2D) nano materials begins with the discovery of Graphene [1] , the first 2D material defying the Mermin-Wagner theorem. Since the discovery in 2004, these material have been intensively probed both experimentally as well as theoretically owing to their extraordinary properties and rich physics [2] . Recently, it has been joined by the discovery of large class of other 2D materials namely 2D transition metal dichalcogenides (TMDCs). In the bulk form TMDC have been probed for decades [3] [4] but the current interest in these materials is renewed because of their atomically thin 2D form. TMDCs have the properties which are complementary to those of graphene such as graphene is a zero gap semiconductor hence it can't be switched off and as a result not good for semiconductor industry. On the other hand TMDCs provide a tunable band gap thus overcoming the bottleneck faced by graphene and are promising materials for next generation electronic and optoelectronic applications. In these systems, one may tune their properties as a function of layer thickness providing great leverage against the conventional 3D bulk systems. Additionally, numerous properties of TMDCs such as electrical mobility, photoluminescence, photo-responsivity and thermoelectric figure of merit show strong dependence on the in-plane crystalline orientation [5] [6] [7] [8] as well as layer thickness. Interestingly, all these properties may be intriguingly linked with the underlying behavior of the electrons, phonons and quasi-particles, which may be investigated using light-matter interaction such as Raman spectroscopy.
MoS2 is one of first 2D TMDC system being explored as an alternative to replace silicon for semiconductors industry owing to the tunable band gap, from ~1.2 eV in bulk to 1.9 eV for monolayer [9] . In addition, to the finite spin-orbit coupling, broken inversion symmetry in MoS2 provide optical access to the valley degrees of freedom suggesting its potential in future spintronic 3 and valleytronic devices. Light-matter interaction in these 2D materials provide a deep insight into the underlying interaction mechanism as photon may easily interact with electrons and phonons, which control their electrical and thermal properties. The underlying mechanism responsible for their stark difference in physical properties as one moves from bulk to monolayer may be liked with the behavior of quasi-particles and coupling between them such as anisotropic coupling between electrons and phonons/photons. This anisotropy may be gauged via an indirect probe by an external perturbation such as probing by light, in particular Raman scattering. Raman scattering has proved to be a very powerful technique to understand intricate coupling between different quasi-particles in nano systems as well as bulk via coupling of electrons and phonons with the incoming and outgoing photons [10] [11] [12] [13] [14] [15] .
Phonon modes in TMDC are sensitive to the thickness of these materials. In case of MoS2 as one moves from bulk to monolayer then out of plane phonon mode 1 () g A involving the vibration of S atom is red-shifted; on the other hand 1 2 g E mode involving the in-plane displacement of Mo and S atoms shows blue-shift attributed to the dialectic screening of long-range coulombic interaction [15] . Interestingly in 2D materials, phonon modes may be tuned by varying the incident photon energies if it falls within the resonance range of optical transition. In fact close to the resonance condition, one may get additional modes including the forbidden one owing to the broken symmetry and/or resonance effect which eases the momentum conservation rule. In case of MoS2 excitation with 633 nm (1.96 eV) laser, which is close to A exciton energy, gives rise to many multiphonon modes. These multimode provide very rich information about phonons in the entire Brillouin zone (BZ) as opposed to the conventional Raman process where observed phonon modes are confined only at the  point in the BZ. A detailed study focusing on the polarization dependence of phonon modes as a function of incident photon energy and layer thickness was lacking for high symmetric MoS2. Focusing on the polarization dependence of the phonon modes, here, we have undertaken such a study and report a comprehensive study in vertically and horizontally CVD grown MoS2 as well as mechanically exfoliated MoS2 from bulk single crystal as a function of flake thickness and different incident photon energies. We show how the electron-photon and electron-phonon interaction in MoS2 are related to its thickness reflecting via the different polarization dependence behavior of phonon modes a function of layer thickness as well as incident photon and phonon energy.
Experimental Techniques
Vertically and horizontally aligned MoS2 was synthesized using CVD as described in ref. 16 .
Single crystal flakes were obtained using scotch tape method from the bulk single crystal of MoS2 (2D semiconductors, USA) on 300nm SiO2/Si substrate. Polarization dependence Raman spectroscopy measurements were done by fixing the direction of polarization of the incident beam as well as rotation of the sample, but have made use of the scattered light polarization direction using analyzer (see Fig. 1 for the exp. geometry); and all the measurements were done in backscattering geometry using 532 nm and 633 nm laser. The spectra were collected using a 100X long working distance objective and Peltier cooled Charge Couple Device (CCD) detector. The laser power was kept very low (~ 500 W  ) to avoid any heating.
Result and Discussions
TMDCs have chemical formula MX2, where two nearest layers of X (chalcogen atom) are separated by a layer of M (transition metal), actually the monolayer of MX2 system is composed of a trilayer i.e. X-M-X. For bulk MoS2 (point group 4 6h D ), Mo is sandwiched between two S atom layer forming hexagonal plane and Mo is also connected with S via a trigonal prismatic coordination in 2H phase, where H stands for the hexagonal symmetry and prefix 2 for the number of layers in each stacking order i.e. after two layer pattern is repeated [3] . As one move from bulk to finite number of layer then symmetry reduces owing to lack of translational symmetry in Z direction; 24 symmetry operation in bulk reduced to 12 in few layer and as a result space group is different for the few layered TMDCs systems (see [17] [18] [19] . Details of the character tables, Raman tensor of the phonon modes at the  point and irreducible representation are given in detail in Table- S1 for all the three groups discussed above [20] [21] [22] . To understand the anisotropic coupling between electrons, photons and phonons, a compressive polarized Raman scattering measurements were carried out on CVD grown horizontally aligned 6 MoS2 flakes. Figure 3 shows the polarization dependence of 1g A and 1 2 g E modes for both 532 and 633 nm laser as a function of increasing thickness of horizontally aligned flakes of MoS2. For flake 1 (532 nm laser), the intensity of 3 (Flake 1, 532 nm) are the fitted curve using the above functions and the fitting is in very good agreement with the theoretical prediction.
As we changed the energy of incident photon (to 633 nm) and considering the data on the same flake and same spot (see Fig. 3 , 633nm, flake 1), remarkably intensity of the 
, overall fitting is modest. Figure 4 shows the intensity ratio ( 1 for example lob size in the 2 nd -3 rd quadrant is more expanded for flake 1 and 4 (for 532 nm). On the other hand intensity of the in-plane vibrational mode ( From our observation on these three different forms of MoS2 as a function of layer thickness as well as incident photon energies, it evidently reflects the anisotropic nature of the phonons. It is also clear that the semi-classical approach can't capture the complete picture with respect to the 9 observed anisotropies especially for the case of in-plane vibrations. For example, with in this semiclassical approach a phonon mode with the same symmetry would have the same polarization dependence irrespective of the incident photon energy; what we observed for
3, 5 and 6) is completely different from this prediction. This failure of semi-classical approach to explain the polarization dependence as a function of layer thickness and incident photon energy (EL) may be understood from the fact that the intensity of a Raman active mode within this approach is independent of the EL as well as the thickness of the materials. This independence of the intensity from EL and thickness comes from the fact that the optical dipole selection rule for the absorption and emission of a photon is not included in this semi-classical theory. All it depends upon is the direction of polarization of the incident, scattered photons via ˆs e , ˆi e and Raman tensor (R), which is related to the rate of change of polarization for a given mode i.e. it depends on the symmetry of a vibration. To qualitatively understand these anisotropies in the phonon modes as a function of layer thickness and EL; quantum mechanical picture needs to be invoked, which depends on the interaction between electron-photon-phonon. In a simplistic picture, stokes Raman scattering process may be understood via three steps as follow (also diagrammatically depicted in In case of TMDCs this renormalization of the intermediates states may happen easily because of the existence of many energy bands with different symmetries within a short range of energy.
Importantly as one moves from bulk to single layer in TMDCs, band topology near the valance band and bottom of conduction band change drastically, and this may also give the different polar plots for a given Raman active phonon modes simply by changing the thickness. We note that similar anisotropic phonon modes as a function of layer thickness and different EL have been reported in other class of 2D materials with low crystalline symmetry such as black phosphorus, GaTe, ReSe2, ReS2 [29] [30] [31] [32] [33] .
Our observation of anisotropic polarization dependence for three different forms of MoS2 flakes as a function of thickness and incident photon energy is attributed to the selection rule for optical transition, which can be expressed in quantum theory of Raman scattering via electron-photon- (see suppl. Information). Our observation clearly revealed the strong in-plane anisotropic behavior in high symmetric MoS2. It has been observed that for many low-symmetry 2D systems [29] [30] [31] [32] [33] Raman active phonon modes do show polarization dependence on the crystalline orientation.
However, it was suggested that polarization dependence as well as anisotropic transport properties such as mobility, is also coupled to the underlying electronic symmetry along with the crystalline symmetry of the material [29] [30] [31] [32] [33] [34] . As electron-phonon interaction is an important factor for tuning the transport, thermal and superconductive properties in any material, our findings provide crucial information for the study of anisotropic 2D materials. For example, the out-of-plane vibration ( 1g A ) shows much weaker polarization dependence as compared to the in-plane vibration (
suggesting that the out-of-plane vibrations couple less anisotropically with the in-plane electronic 13 states. Also, the dependence of the modes intensity on laser energy and flake thickness suggest that electrons couple strongly to the 1 2 g E phonon. We note that anisotropies in transport as well as electronic properties were predicted and reported for the case of MoS2 [35] [36] [37] [38] . Our anisotropic results on this high crystalline symmetric material suggest that more theoretical as well experimental studies are required for low crystalline symmetric 2D materials for understanding their underlying properties for the potential future applications.
In summary, we performed a comprehensive Raman scattering studies on three different forms of layered MoS2 probing the anisotropic behavior of the Raman active phonon modes revealing strong anisotropic electron-photon-phonon coupling. The observed anisotropy in the Raman intensity depends strongly on the incident photon energy, phonon energy as well as the thickness of MoS2 for all three different forms studied here. Our work cast a crucial light on understanding the anisotropic strong light-matter interactions in high symmetric MoS2 especially for the in-plane vibrations, and we hope our studies also pave way for the applications of this system in electronic and optoelectronic devices.
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